The electrophoretic patterns of dsRNA species isolated from cucumber plants infected with cucumber necrosis virus (CNV) and from Nicotiana clevelandii plants infected with tomato bushy stunt virus (TBSV) were almost identical and differed greatly from the electrophoretic patterns of dsRNA species isolated from tobacco plants infected with tobacco necrosis virus (TNV). Hybridization with cloned cDNA of CNV showed that there was extensive homology between the nucleic acids of CNV and TBSV but not between those of CNV and TNV. Gel diffusion tests and ELISAs showed no serological relationship between CNV and five tombusviruses. TBSVinfected N. clevelandii plants showed some cross-protection against infection by CNV but not against infection by carnation ringspot virus. CNV therefore resembles TBSV more than TNV and should be classified as a tombusvirus.
INTRODUCTION
Tomato bushy stunt virus (TBSV) is the type member of the tombusvirus group. It has a monopartite genome of ssRNA of about 4.7 kilobases (kb) and isometric particles of 30 nm diameter that have a single capsid protein, Mr 41000 (Matthews, 1982) . Using hybridization with cDNA, showed that there is sequence homology between the nucleic acids of the seven definitive tombusviruses, i.e. TBSV, artichoke mottled crinkle virus, carnation Italian ringspot virus (CIRV), cymbidium ringspot virus (CyRSV), eggplant mottled crinkle virus, pelargonium leaf curl virus (PLCV) and petunia asteroid mosaic virus (PAMV), but there was no sequence homology between these tombusviruses and the four possible members of this group, i.e. galinsoga mosaic virus (GMV), glycine mottle virus (GeMV), saguaro cactus virus (SCV) and turnip crinkle virus (TCV).
The ssRNA genome, capsid protein and particles of cucumber necrosis virus (CNV) are similar in size to those of the tombusviruses (Tremaine, 1970; Nelson & Tremaine, 1975) but CNV has been grouped as a possible member of the monotypic tobacco necrosis virus (TNV) group (Matthews, 1982) . The ssRNA genome, capsid protein and particles of TNV are smaller in size than those of CNV but CNV induces symptoms similar to those of TNV, and like the latter is transmitted by zoospores of Otpidium species. In the present study of CNV, TBSV and TNV, we demonstrated that the patterns obtained by agarose gel electrophoresis of the dsRNA species in CNV-infected plants and TBSV-infected plants were almost identical, and found extensive sequence homology between the nucleic acids of CNV and TBSV. This is the first report of sequence homology between the RNAs of two serologically unrelated viruses and we propose CNV is a definite tombusvirus. A preliminary report of these studies has been published (Rochon & Tremaine, 1987) .
Research Institute, Littlehampton, U.K. All viruses were purified using the pH 5 method of and preparations were stored at 4 °C in 0.1 M-NaCI containing 0-02% NaN3 and 10 raM-sodium phosphate pH 7.0.
Antisera to CNV, TBSV-P and TBSV-T were those described previously (Tremaine, 1970 (Tremaine, , 1972 . Gel diffusion tests were done in agar on collodion-coated glass slides and antibody titres were determined by pipetting 40 ~tl of twofold serial dilutions in 0.15 M-NaCI containing 10 mM-sodium phosphate pH 7.5 (PBS) into wells adjacent to wells containing 40 p.l of the required purified virus preparation at 200 lag/ml (Tremaine et al., 1985) .
In ELISA with TBSV-P and CNV the four forms of virus antigen used were native virus, swollen virus, virus protein and SDS-denatured virus, and each was prepared as described by Tremaine et al. (1985) . These antigens were diluted to 20 ~tg/ml in PBS and 100 lal samples were incubated in 96-well Linbro enzyme immunoassay plates for 16 to 24 h at 4 °C. After the rinsing and blocking steps, 100 ~1 of twofold serial dilutions of TBSV-P or CNV antisera (initial dilution 1 : 20) were placed in the wells which were then incubated for 60 min at room temperature. After a washing step, the bound antibody was detected by incubation with 100 ~tl of alkaline phosphataseconjugated goat anti-rabbit Ig (200 gg/ml) followed by p-nitrophenyl phosphate substrate. The A4o5 of each well was measured with a Titertek Multiskan MC plate reader connected to an IBM-PC microcomputer. The data were fitted by computer to the equation A = AmaxX/(X -Kin) where A is the absorbance obtained with antibody dilution X. Area x is the maximum absorbance obtained and K m is the dilution at which one half Ama x is obtained.
Virion RNA and dsRNA extraction. Nucleic acid was extracted from purified preparations using phenol/chloroform/SDS in 0.1 M-Tris-HC1 pH 8.9 (Hari et al., 1979) for CNV and TNV and 10 mM-EDTA was included in extraction buffer for TBSV. Most (>95~) of the virion RNA was found to be full-length by electrophoresis in 1% agarose gels containing 5 mM-methylmercuric hydroxide (Bailey & Davidson, 1976) and staining with ethidium bromide. The presence of a small satellite RNA species in CNV was not detected.
The dsRNA species from CNV-, TBSV-and TNV-infected tissue were isolated by the procedure of Morris & Dodds (1979) , electrophoresed in 1 ~ agarose and stained with ethidium bromide.
Dot blot hybridization.
Twenty ng of undenatured TNV, CNV and TBSV-T virion RNA was dot-blotted onto dry nitrocellulose membranes which had been pretreated with 20 x SSC (1 × SSC is 0.015 M-sodium citrate and 0.15 M-NaCI). The membrane was baked at 80 °C for 1 h and incubated at 42 °C for 30 min in hybridization buffer without probe. The hybridization buffer contained 50 ~ deionized formamide, 5 ~ sodium dextran sulphate, 1 MNaC1, 50 mM-Tris-HCl pH 7.5, 0.2~ bovine serum albumin, 0-2~ polyvinylpyrrolidone, 0.2~ Ficoll, 0-1 sodium pyrophosphate, 250 ~tg/ml sheared salmon sperm DNA and 30 ng of 32p-labelled nick-translated CNV probe (sp. act. 1 x 108 c.p.m./~tg) (Rigby et al., 1977) . The probe was a full-length cDNA clone of CNV; the cDNA cloning procedure and the nucleotide sequence of the clone will be described elsewhere upon completion. Hybridization was at 42 °C for 18 h in a volume of 30 ml (3 ml/cm 2 of membrane). Blots were washed at 60 °C in 2 × SSC containing 0-1~ SDS for 15 min and then in successively lower concentrations of SSC to a final concentration of 0.1 x SSC. The washed blots were exposed to X-ray film with the aid of intensifying screens. The quantity of bound probe was determined as described by . After autoradiography, dots were excised and their radioactivity was measured by scintillation counting. The degree of homology between CNV and TBSV was determined by dividing the radioactivity bound to TBSV RNA by that bound to CNV RNA. The radioactivity in equal areas of nitrocellulose paper not containing any RNA were subtracted from each measurement prior to calculating homologies.
RESULTS

Comparison of the dsRNA species of CNV, TBSV and TNV
Double-stranded RNA species can be extracted from virus-infected plants and their sizes and numbers as determined by gel electrophoresis are often unique to a particular virus group and thus useful in indicating relationships among plant viruses (Morris & Dodds, 1979) . A comparison of the dsRNA species in plants infected with TBSV, CNV and TNV is shown in Fig. 1 . The dsRNA pattern of CNV was nearly identical to that of TBSV and distinct from that of TNV. The pattern of TBSV (Fig. 1) was very similar to that shown by Morris & Carrington (1987) .
Nucleotide sequence hybridization analyses
To examine nucleotide sequence relationships between CNV, TBSV and TNV, dot blot hybridization experiments were conducted. Equal amounts of purified RNA ofTNV, CNV and TBSV were dotted onto nitrocellulose and hybridized to a 32p-labelled nick-translated probe prepared to a full-length cDNA clone of CNV. Fig. 2 shows that the cloned CNV probe hybridized strongly to TBSV RNA but not to TNV RNA. Quantification of the test shown in 
Serological studies
The lack of serological cross-reaction of CNV and TBSV has been reported previously (Tremaine, 1970) . Gel diffusion serological tests using CNV, TBSV-P and TBSV antisera with CNV and five tombusviruses (Table 1) showed cross-reactions among the tombusviruses with antiserum titre differences among them. In other tests spur reactions of partial identity were observed between TBSV or TBSV-P and the other tombusviruses. These results differ from those of Hollings & Stone (1975) probably because the antisera differed. However, there was no reaction of CNV with TBSV antisera or of tombusviruses with C N V antiserum in any tests. 
ELISA reaction of antisera to CNV and TBSV-P with four forms of virus antigen from CNV and TBSV-P
Values of A,,ax/Km* * Amax/K m is the maximum absorbance attained in indirect ELISA divided by the antibody dilution that produced half of the maximum absorbance.
J" V, Untreated virus; S, swollen virus; P, virus protein and D, SDS-denatured virus.
Results of ELISA with CNV and TBSV-P (Table 2) showed that CNV antiserum was equally reactive with CNV virion, swollen virion and protein antigens but not reactive with comparable TBSV aniigens. TBSV-P antiserum reacted to a greater extent with TBSV-P swollen virus than with untreated protein antigens of TBSV-P. There were no detectable cross-reactions between CNV and TBSV-P.
Cross-protection studies
Four lower leaves of eight-leaved Nicotiana clevelandii plants were inoculated with TBSV and symptoms appeared in the upper leaves 5 to 8 days later. Two plants were challenge-inoculated with CNV immediately or after 2, 4, 7, 8, 10, 11, 13 or 15 days on either the four lower leaves or on the four upper leaves. In control tests, one TBSV-infected plant was challenge-inoculated on the upper leaves with CRSV 10, 11, 13 or 15 days after inoculation with TBSV. In other control tests, one healthy plant was inoculated with CNV only at the same time as the 10, 11, 13 and 15 day challenge inoculations were done.
Approximately 0.6 g of upper leaves was harvested 7 days after the inoculation with CNV or CRSV and sap was expressed from them in 0.5 ml of sodium acetate buffer pH 5-0, in a leaf roller press (Erick Pollanne Co., Wennigsen, F.R.G.). After 2 h at 5 °C, sap was centrifuged in a microfuge and used in gel diffusion tests with antisera to TBSV, and to either CNV or CRSV. CNV was detected in all CNV-inoculated control plants and in samples from TBSV-infected plants challenged in the lower leaves or upper leaves at 0, 2, 4, 7 days and from plants challenged in the lower leaves at 8 days, but not in the remaining plants. CRSV was detected in all TBSVinoculated plants challenged with CRSV.
DISCUSSION
The results in this paper provide definitive evidence for the inclusion of CNV in the tombusvirus group. On agarose gel electrophoresis under denaturing conditions the CNV genome had the same size (4.7 kb) as TBSV (not shown) and the dsRNA patterns of CNV and TBSV were almost identical. The results of one-way hybridization experiments showed that extensive sequence homology (approx. 50%) exists between TBSV and CNV.
Our serological studies showed that CNV was not related to TBSV even when sensitive ELISA was used with viral antigens in different conformations. Similar ELISA tests have detected serological cross-reactions between southern bean mosaic, sowbane mosaic and turnip rosette viruses and between CRSV and red clover necrotic mosaic virus although none were obtained using virus preparations in gel diffusion tests Tremaine & Dodds, 1985) . The results reported here are unusual because this is the first report of nucleic acid sequence homology between serologically unrelated plant viruses. However, it is possible that cross-reactive polyclonal or monoclonal antibodies could be prepared. TBSV has an unusual structure with 90 dimer clusters protruding from the virus isometric surface which comprise the protruding domain of the coat protein (Hopper et al., 1984) . CNV and all tombusviruses probably have similar structural features and the protrusions may have a greater involvement in the induction of antibodies than the remaining exposed portion of the shell domain. Morris & Carrington (1987) noted that the protruding domains of TBSV, TCV and carnation mottle virus vary considerably in amino acid sequence but that the shell domains of these viruses are much more highly conserved. In any event, tombusviruses and CNV have a wide range of serotypes.
Although CNV is transmitted by Olpidium zoospores (Dias, 1970) , there is no unequivocal evidence that other tombusviruses are transmitted by Olipidium or other fungi. However, other tombusviruses are spread through and persist in the soil, and CyRSV can infect bait plants grown in soil containing CyRSV (Hollings et al., 1977) . found sequence homology among RNAs of definitive members of the tombusvirus group and most of these viruses contained satellite RNAs which also have extensive sequence homologies . Most of these tombusviruses are serologically related but CyRSV is only distantly related to TBSV. The possible members of the group (GMV, GeMV, SCV and TCV) showed no sequence homology to definitive tombusviruses and did not replicate the TBSV satellite. These authors posed the question as to which of these viruses are really strains and which are distinct viruses.
CNV must be classified as a distinct virus and as a member of the tombusvirus group composed of serologically related members and the serologically unrelated CNV. Classification of the possible members of the tombusvirus group will depend on further research using dsRNA patterns, nucleic acid homologies or genome organization which may be reflected in dsRNA patterns.
